Topological photonic insulators pave the way toward efficient integrated photonic devices with minimized scattering losses. Optical properties of the majority of topological structures proposed to date are fixed by design such that no changes to their performance can be made once the device has been fabricated. However, tunability is important for many applications, including modulators, switches, or optical buffers. 
Topological insulators (TIs) , that were first discovered in condensed matter physics, [1] [2] [3] [4] [5] [6] [7] support conduction on their boundaries but behave as insulators in the interior. Importantly, the energy transport on the edges is topologically protected and robust against structural perturbations and disorder. Recent progress in engineered materials, such as metamaterials and artificially-created crystals has laid the foundation for the development of optical [8] [9] [10] [11] [12] [13] [14] and acoustic 15 analogs of TIs. Topological photonic systems promise a new generation of chip-scale photonic devices and facilitating energy-efficient on-chip information routing and processing. 16 However, the demonstration of tunable topological photonic devices with ondemand control of light propagation remains a grand challenge.
Photonic TIs (PTIs) can be divided into two categories with broken or preserved the time-reversal (TR) symmetry. The first experimental realization of anomalous-Hall PTI arXiv:1901.11142v1 [physics.optics] 30 Jan 2019 2 was performed in microwave frequencies using gyromagnetic material and magnetic field to break the TR symmetry. 17 The gyromagnetic response of materials vanishes towards shorter wavelengths necessitating alternative approaches for the realization of PTIs in the visible and near-infrared ranges. Another method to realize the PTIs with broken TR symmetry in a linear optical systems relies on temporal modulation of the structure with precise phase control. 18 In structures with preserved TR symmetry, the inversion symmetry can be broken to realize less robust, but more feasible topological systems. Recently, the Floquet TI was proposed where an array of evanescently-coupled waveguides was modulated in the propagation direction mimicking the temporal modulation of the structure. 13 In another approach, artificial magnetic field was generated in an array of coupled ring resonators, where the phase accumulated by the electromagnetic wave during propagation around a unit cell was equivalent to that acquired by an electron moving in an external magnetic field. Here, we design and demonstrate tunable, on-chip, integrated PTI based on the valleyHall effect in silicon PCs operating at the telecommunication wavelength. 20, 30 Non-trivial topology of the crystal ensures backscattering-free light propagation around the path with four sharp turns and allows the structure to be immune against defects and imperfections.
Tunability of the structure is enabled by the free-carrier (FC) excitation initiated by the pump beam and resulting in reduction of the real part of the refractive index and increase of We study tunability of topological PC fabricated on the standard silicon-on-insulator platform shown schematically in Fig. 1a . The sample characterization is enabled by diffraction gratings connected to the PC by Si-wire waveguides. The light is coupled to the chip by the input grating and it is split in two parts. One part propagates through the topological PC and is out-coupled by the output grating. The second part is used as a reference. The refractive index of silicon is controlled by the UV pump beam illuminating the PC.
We consider a PC slab supporting the valley-Hall effect described in detail in Ref.
. 23 The unit cell of the PC contains two triangular holes in a silicon slab surrounded by air on the top and bottom. The symmetry in the z-direction allows us to consider solely transverse-electriclike (TE-like) modes in this work. We used a standard approach to design topologically nontrivial structures. First, a system exhibiting a Dirac cone in its band structure was found.
Second, certain symmetries of the original structure are broken in order to open a topological bandgap. In our design, the Dirac cone exists when the triangular holes are of the same size.
For the dissimilar triangles, the inversion symmetry is broken; the symmetry of the structure is reduced from C 6 to C 3 and a non-trivial bandgap opens, as illustrated in Fig. 1c . The similarity between electronic and photonic crystals implies that many topological phenomena predicted for electronic systems should be observable in photonic structures with the same symmetry properties. The structure studied here is similar to the boron-nitride structure that is well-known to support the valley-Hall effect for electrons.
We used UV light in order to enable efficient FC excitation 32, 33 and induce refractive index change in Si. Silicon has the bandgap size of around E g = 1.14 eV, which is equal to photon energy at the wavelength of approximately 1.1 µm. There are two processes that contribute to the FC excitation shown schematically in Fig. 1b . When the energy of the irradiation light exceeds the bandgap size of Si, electrons from the valence band can be directly excited to the conduction band, leading to a single-photon-absorption (SPA) process. The second mechanism, that contributed to the FC excitation, is two-photon absorption (TPA), where electrons are excited to twice as high energy levels due to simultaneous absorption of two photons. The SPA dominates at low pump fluence, while the TPA prevails at high powerlevels. 37 It should be noted that other competing processes (in addition to the FC excitation) take place in semiconductors simultaneously, including the Kerr nonlinear index modulation, and FC dispersion effect, 31,34 whose contribution is negligible for the parameters used in our experiments. We used the Drude model to describe the dielectric permittivity variation under light illumination:
where ω is the angular frequency of the incident light; τ D denotes the Drude damping time; F eff is the effective pump fluence; ω p (F eff ) = N e-h (F eff )e 2 / 0 m opt m e is the plasma frequency, e is the electron charge, m opt = m * −1 e + m * −1 h −1 denotes the optical effective mass of carriers, m * e,h are the mobility effective masses of electrons and holes, m e is the electron mass, N e-h (F eff ) is the electron-hole density depending on the pump fluence, and 0 stands for the vacuum permittivity.
The electron-hole density is characterized by the equation:
where α is the linear absorption coefficient, β denotes the TPA coefficient, t 0 is the pumppulse width, and h denotes the Planck constant. The model described by Eqs. (1) and (2) allows to estimate the Drude damping time and electron-hole density in Si, based on vari- Figures 2d, 2e show how the energy density distribution changes at single wavelength when the pump is turned on and the refractive index is reduced by ∆n = −0.02. Under the UV-light illumination, the bandgap is blue-shifted and there are bulk states supported at the studied wavelength λ = 1642 nm. As a result, the light scatters from the edge state into the interior of the crystal and the transmittance is reduced. Finally, it should be mentioned that as the refractive index of silicon decreases, the index contrast between silicon and air is also reduced, resulting in a narrower bandgap. This effect becomes notable for larger refractive index changes.
In order to confirm the theoretical predictions, samples with straight and trapezoidalshaped interfaces were fabricated. The sample fabrication procedure is described in detail in the supplementary materials of our previous paper. 23 The samples were measured with the experimental setup schematically shown in Fig. 3a . A Ti:Sapphire laser with the repetition rate of 1 kHz and 100 fs output-pulse width was used as a light source in the experiment.
Pulsed laser radiation was separated in two parts by a beam-splitter (BS) and routed into two optical parametric amplifiers (OPA), where the UV pump beam (400 nm), and the near-infrared (NIR) probe pulse (tunable near 1500 nm) were generated such that the pump and probe beams have orthogonal polarizations. We used a delay line to control relative arrival times of the NIR and UV pulses. The convex lens was employed to control the spot size of the pump beam in the sample plane. The approximate size of the beam waist was σ = 37 nm. The pump and probe beams were combined together and directed onto the same propagation path by a dichroic mirror, and were focused on the sample by an infinitely corrected objective lens. Another BS was used for routing light towards the sample. The objective and an achromatic lens form a 4f-system that was used for sample imaging and transmission measurements. results in a significant rise of absorption in silicon. 34 At the highest pump power, the peak transmission is reduced by approximately 85%.
In the numerical simulations, we used the crystal with the same parameters as in the experiments. We assumed that the real and imaginary parts of refractive index are linearly dependent on the pump-beam fluence and the pump beam was assumed to have a Gaussian profile. First, the real part of refractive index was fitted to match the blue shift found in the experimental measurements. At the highest pump intensity, we obtain the refractive several factors, such as, semiconductor doping, surrounding material, and patterning of the structure. 31, 34 The results of the numerical simulations are shown in Fig. 3c , and they are in a good agreement with the experiment data. As predicted, the transmissions for straight path and for the one with bends are similar, confirming that the energy transport stays robust even under strong UV illumination.
In order to estimate the minimum switching times attainable for the proposed structure, we characterized the times of the refractive-index recovery by measuring the FC lifetime.
The dependence of transmission on the delay time between the pump and probe pulses was measured. The change of transmission due to the FC excitation can be characterized by the expression T = 1 − A, where A denotes absorption, and assuming exponential dependence of absorption A = A 0 e −t/τ on pump-probe delay t, where A 0 is attenuation factor and τ is the FC lifetime. By fitting the results shown in Fig. 3f , we found the attenuation factor A 0 = 0.794 and the FC lifetime τ = 600 ps. The lifetime observed here is comparable to those reported previously. 33, 36 It is worth noting that the FC lifetime decreases as the pumpbeam width σ decreases. 33 The FC lifetime measured here allows for the structure switching time in order of a nanosecond. In the case when a faster modulation rate is required, the semiconductors with a direct bandgap 39 instead of silicon can be used. Alternatively, a control mechanism based on Kerr nonlinearity, allowing faster switching times, 40,41 can be employed.
In conclusion, we studied the all-optical modulation of silicon topological photonic crys- 
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